Study Provides Data on Active Plate Tectonics in Southeast Asia Region PAGES 545, [548] [549] A major geodynamic study has provided significant new information about the loca tion of active plate boundaries in and around Southeast Asia, as well as deformation proc esses in the Sulawesi region of Indonesia and tectonic activity in the Philippine archipel ago. Results also have confirmed the exist ence of the so-called Sunda Block, which appears to be rotating with respect to adja cent plates.
The study, known as the Geodynamics of South and South-East Asia (GEODYSSEA) pro ject, has been a joint venture of the European Commission and the Association of SouthEast Asian Nations. It began in 1991 and in volved a large team of European and Asian scientists and technicians studying the com plex geodynamic processes and natural haz ards of the region from the Southeast Asia mainland to the Philippines to northern Aus tralia. Earthquakes, volcanic eruptions, tsuna mis, and tectonically induced landslides endanger the lives of millions of people in the region, and the tectonic activity behind these natural hazards results from the conver gence and collision of the Eurasian, Philip pine, and Indo-Australian Plates at relative velocities of up to 10 cm per year.
Locations of the project's 42 new GPS sta tions are indicated on the tectonic map in Fig  ure 1 . Two major observation campaigns were conducted and a third is planned for November 1998. GEODYSSEA's most impor tant results are presented in Figures 2 and 3 . The recovered velocities of several stations in the more stable interior parts of the plates are in close agreement with the motions pre dicted by the NUVEL-1A global plate tectonic model, an indication of the quality of the re sults. However, there are also significant dif ferences, which form the basis for some important new discoveries.
The Sunda Block
Closer analysis of the velocity vectors of 12 of the westerly stations reveals that there is a gradient in the magnitude of the velocities, showing an increase from south to north (Fig  ures 3 and 4) . It was possible to fit these results accurately with a model and thereby deter mine the Sunda Block's pole of rotation and rate. These westerly stations are all situated on the Sunda Block, the existence of which had already been inferred from geological and paleomagnetic data. The block appears to be rigid, deformations within it being less than 5 ppb per year. The study provides the first direct evidence that this block exhibits distinct relative motion with respect to Eur asia at a rate of about 2 cm/yr (Figure 4) .
The Sunda Block's rotation accommo dates relative motions with respect to India (no more than 3.5 cm/yr of north-south open ing in the Andaman Sea) and to China (no more than 1.5 cm/yr of right lateral slip along the Red River Fault). The pole of rotation is lo cated in the South Australian Basin at -31.8°S latitude and 134°E longitude. The rotation (about -0.287Myr) permits the resolution of several problems: (1) Slip vector azimuths of interplate-subduction-related earthquakes along the Java Trench consistently show a 10° westward deviation with respect to the predicted NUVEL-1 A Australia-Eurasia mo tion. This discrepancy is fully resolved if the Sunda Block's motion is included. (2) In an India reference frame, the Sunda Block is moving to the south, so that the motion is pure dextral strike-slip north of Sumatra. The predicted velocity of India at the latitude of Myanmar is close to the rate of opening of the Andaman Sea, suggesting a low subduction rate along the Andaman front.
The kinematics observed are related to the motions of the Sunda Block and the Phil ippine and Indo-Australian Plates. The con vergence between the Eurasian and the Philippine Plates is distributed across a 600-km-wide zone including the stretched conti nental margin and the Sulawesi-Luzon deformed volcanic belt.
Accretion to Australian Plate
The stations at the southern limit of the GEODYSSEA network indicated that Timor has been accreting to the Australian Plate [Genrich et al., 1994] . In fact, Timor, eastern Flores, the adjacent Indonesian islands to the east, and Irian Jaya all are currently accreting to the Australian Plate. The active margins of the plate now appear to run north of Irian Jaya, crossing the Banda Sea and Flores and joining the Jaya Trench south of the Nusa Tengarra Islands. The triple junction region, located in the Molucca Sea near the island of Sulawesi, shows high velocities and complicated pat terns of intense deformation and microblock rotations. The region shows both a north ward extension of the Australian velocity field, affected by strong counterclockwise ro tation, and a westward extension of the Phil ippine velocity field with accompanying clockwise rotation (see Walpersdorf et al [1998] for discussion).
A significant problem is whether the meas ured velocities are indicative of the long-term tectonic velocities or are affected in part by the loading cycle in this highly seismic region. The most spectacular motion occurred at BIAK, which was displaced by more than 1.5 m (10 times the long-term rate) as the result of a M 8.2 subduction earthquake, which oc- April 22,1996 . Anomalies in the re sults have been found to be related to earth quakes which occurred in the vicinity of individual stations during the interval be tween observations.) Several other points, such as in the Philippines and in southwest ern Sumatra, are located adjacent to active margins and it is yet unknown whether they have been influenced by interseismic elastic loading [Michel et al, 1998 ]. Further measure ments are required.
Background
A detailed geological description of the geodynamics of southeast Asia and the west ern Pacific can be found in Rangin et al [1990] . Different investigators have used the Global Positioning System (GPS) in South east Asia both in regional and in more local ized surveys designed to study specific geotectonic features such as the Sumatra Fault [Prawirodirjo et al., 1998 ], the Java Trench [Tregoning etal, 1994] , and Irian Jaya [Puntodewo etal, 1994] . However, all of these activities have been conducted un der bilateral agreements restricted to a single national territory.
By contrast, GEODYSSEA's scope in volved tectonic motions across a 4000 x 4000 km network covering the entire region, using a common reference frame into which all de tail networks can be fitted later.
The area studied covers the Malay Penin sula, Thailand, Vietnam, the Philippine and Indonesian archipelagoes, including Brunei, Christmas Island, and the Cocos Islands, and northwest Australia.
The geodetic network was designed to provide good coverage of all the major tec tonic blocks in the region, while limiting the number of stations to manageable propor tions. Besides data from the project's 42 new observation sites, the Australian Survey and Land Information Group provided data from four stations on the Indo-Australian Plate (Cocos Island, Christmas Island, Karrathe, and Darwin). To facilitate the positioning of the network in a global reference frame, re searchers included in the analyses data from five permanent stations of the global network of the International GPS Service for Geody namics (IGS).
GPS Data Analysis
Four different analysis groups computed complete solutions for each dataset, each group using its choice of software and analy sis strategy. The various solutions were then merged into a single combination solution. The four groups were from the Delft Institute for Earth-Oriented Space Research (DEOS), Delft, Netherlands, using GIPSY software; GeoForschungsZentrum Potsdam (GFZ), Potsdam, Germany, using EPOS; Bundesambt fur Kartographie und Geodaesie (BKG) (formerly known as the Institut fur Angewandte Geodaesie (IfAG)), Frankfurt am Main, Germany, using Bernese; and Ecole Normale Superieure (ENS), Paris, France, us ing GAMIT. Also contributing to the data analysis were groups from the University of Newcastle upon Tyne, Newcastle, England; Observatoire Royal de Belgique, Brussels, Bel gium; and the University of Bologna, Bolo gna, Italy.
Each of the main groups computed daily free-network solutions for all campaign days. These were accumulated into the final com bined solution [Simons et al., 1998 ].
The softwares the groups selected are four of the most important state-of-the-art systems currently in use around the world. Each sys tem applies different data reduction algo rithms and modeling techniques, so the GEODYSSEA project provided a unique op portunity to compare them. The perform ance indicators comprised the daily repeatabilities of the station coordinate solu tions provided by the different groups. With repeatabilities (Table 1) ranging from 3 to 6 mm for the horizontal components and aver aging about 9 mm in height, there is sufficient evidence that the various solutions are of similar quality. This shows that the internal precision of the GEODYSSEA network solu tions is at a level comparable to the IGS global network solutions for permanent sta tions. This is a remarkable result, in view of the fact that the stations are located in a re gion where large tropospheric and iono spheric variations are known to have a much larger affect on the GPS signals than at moder ate temperate latitudes. Angermann et al. [1998] give more information on the individ ual analyses. Simons et al. [1998] give the complete set of station coordinates and ve locities.
Project Goals
GEODYSSEA involved field reconnais sance, identification, and monumentation of GPS observation points; geodetic measure ments with GPS and subsequent analysis and interpretation; geological field mapping, sam pling, laboratory analyses, and interpreta tion; computation of tomographic solutions from existing seismic data; and a feasibility study for improving observed seismic cover age of the region.
The prime objectives of the research were to obtain better estimates of the extent of the deformation zones associated with the triple junction of the Eurasian, Philippine, and Indo-Australian Plates; investigate the feasibil ity of using seismic tomography to obtain evi dence of the mantle's three-dimensional velocity structure; identify more precisely those areas in Southeast Asia which are immi nently susceptible to natural hazards such as earthquakes; and estimate the long-term slip rates in the triple junction area of Sulawesi from the displacement of geological or mor phological features.
An important additional benefit to the re gion has been the derivation of precise threedimensional coordinates of the GPS stations in a global reference frame. These points may now be used to connect the national geodetic networks in the various countries to the global reference frame and to integrate the results of other geodynamic projects into a common system.
Acknowledgments
The GEODYSSEA Project was carried out under Contract No. CIL-CT93-0337 between the European Commission and the GeoFor schungsZentrum (GFZ) Potsdam, in Potsdam, Germany, acting as the coordinat ing agency. Thanks and appreciation are ex tended to the European Commission, the Association of Southeast Asian Nations (AS EAN), and the hosting agencies for their strong support, and to the Australian Surveys and Land Information Group, Canberra, Aus tralia, in recognition of its outstanding efforts and its spirit of cooperation. The project was funded to 50% by the European Commission and involved six European and eight ASEAN partners, with additional participants from Australia and Vietnam (at the time not eligi ble to participate as partners to a European community project). The fieldwork was or ganized jointly by GFZ Potsdam and BKGG, Frankfurt am Main, in cooperation with the hosting agencies. Equipment and a large number of experienced observers to assist in the organization and execution of the field campaigns were supplied by GFZ Potsdam and BKG. National institutions in the host countries contributed the majority of the field crews and assumed responsibility for most of the operational activities.
Authors
P. Wilson, J. Rais, Ch. Reigber, E. Reinhart, B. A. C. Ambrosius, X. Le Pichon, M. Kasser, P. Suharto, Dato'AbdulMajid, Dato'Paduka Awang Haji Othman Bin Haji Yaakub, R.. Almeda, and C. Boonphakdee 
